ABSTRACT
Introduction
The analysis of the sedimentary basins and magmatic provinces preserved as deformed allochthonous and autochthonous sequences in the Variscan belt traces the Lower Paleozoic geodynamic evolution of the European Gondwana lithosphere. In Iberia, both the sedimentary and the igneous rocks register the Cadomian cycle (Eguiluz et al., 2000; Rodrtguez-Alonso et al., 2004) , followed by the opening of the Rheic Ocean (Sanchez MaIttnez et al., 2009) , and its subsequent closure during the Upper Paleozoic (MaIttnez Catalan et al., 2007 ) .
There is wide evidence from the igneous record that continental rifting affected the Iberian margin during the Lower Paleozoic (Ribeiro and Floor, 1987; Pin et al., 1992; Rodrtguez Aller, 2005 ) . Interestingly, its timing (ca. 470-480 Ma; Rodrtguez et al., 2007 ) is about 1 0-20 m.y. younger than the estimated age for the opening of the Rheic Ocean (ca. 490-500 Ma; Pin and Carme, 1987; Menot et al., 1988; Franke, 1995; Kemnitz et al., 2002; Nance et al., 2002; Timmermann et al., 2006; Arenas et al., 2007; Linnemann etal., 2007; Kryza and Pin, 2010; Pedro et al., 2010 ) . Notwithstanding, it is widely accepted that this rifting event is related to a large gravitational pull on the Gondwana margin provided by subduction of the lapetus-Tomquist lithosphere. This * Corresponding author. Tel.: +34923294488; fax: +34923294514.
E-mail addresses: georuben@usal.es (R.DiezFernandez). castigar@geo.ucm.es (P. (astineiras) , jugb@usal.es 0. G6mez Barreiro ). setting produced new oceanic lithosphere at the Gondwana periphery by sea-floor spreading in back-arc systems, and promoted the drifting of peri-Gondwanan terranes, thus giving birth to the Rheic Ocean in their wake (Nance et al., 2010 ) .
Any model advanced to explain this sequence of events must also consider the fact that a similar evolution has been reported in the Variscan belt in France Ballevre et al., 2009 and references therein), central Europe (Narebski et al., 1986; Fumes et al., 1989; Dorr et al., 1998; Floyd et al., 2000; Franke, 2000; Linnemann et al., 2007 ) , Corsica, and Sardinia (Ricd and Sabatini, 1978 ) . These regional data record an evolution in time across (not just along) the continental margin. In continental-arc settings, the transference of slab-pull forces from the arc-trench to the continent is limited once their connection throughout the arc edifice is lost. In the European sections of Gondwana, either ridge incision or the establishment of a back-arc spreading centre is younger than the continental rifting. Indeed, the extension of the continental margin continued afterwards (Prigmore et al., 1997; Stampfli et al., 2002 ) . For this reason, although rollback is considered the major mechanism promoting the drifting of the European peri-Gondwanan terranes, there is no model that explains the source of tensional forces on the continentallithosphere after they pulled apart. The aim of this article is to explore the origin of such forces by trying to couple the rifting record with mantle dynamics in an ancient subduction setting.
The basal units of the allochthonous complexes of NW Iberia represent a coherent continental block accounting for the Lower Paleozoic evolution of a piece of the Gondwana margin. We present U-Pb SHRIMP age constrains on the major tectonomagmatic events that affected this section in order to explore the links between volcanic-arc systems, ocean opening, and intraplate igneous activity through a lithosphere-scale perspective. The results are discussed and integrated on the basis of field observations, regional background and modem analogues.
The northern Gondwana margin in NW Iberia
The Late Neoproterozoic to Carboniferous geodynamic evolution of the European Gondwana margin is preserved in the Variscan belt (Fig. l a) . The broad restoration of its major tectonostratigraphic domains allows the paleogeographic distribution of crustal provinces to be set (e.g. Von Raumer et al., 2002; Stampfli et al., 2011 Q r· T.~· I~" ""'~~)!"?!,!, parts of Gondwana are represented by the autochthonous sequences of the Iberian Massif (Fig. l a) . Some of the boundaries of the major domains acted as transform-like faults during the Variscan collision (Martinez Catalan, 2011 ) . To reduce the uncertainties related to lateral tectonic movements, we will focus on NW Iberia and, in particular, on the easily restorable thrust stack defined, from bottom to top, by the Central Iberian Zone, the Schistose Domain and the lower sections of the allochthonous complexes (Fig. 1 b; Martfnez Catalan et aI., 2(07).
Sediments and magmatism
In the autochthonous sequences of the Central Iberian Zone (Fig. 1 b) , the establishment of a Lower Paleozoic passive continental margin followed Neoproterozoic Andean-type activity (Cadomian cycle) (Rodriguez-Alonso et al, 2004) . Extensional activity produced high subsidence rates from the Middle Cambrian to Late Ordovician (von Raumer and Stampfli, 20OS ) . Although local Early Ordovician unconformities may exist (e.g. Diez Balda et al., 1990) , the sedimentation was generally continuous during this time interval (e.g. Diez Montes et al., 2010) . Voleanism occurred from the Cambrian to the Silurian, with a maximum in the Early Ordovician (470-480 Ma), when the YOlll1ger constituents of the voleanic and voleaniclastic Ollo de Sapo Formation erupted (Montero et aI., 2009b; Diez Mantes et aI., 2010) . Coeval widespread intrusive magmatism affected the Lower Cambrian and Neoproterozoic successions (e.g. Sola. et al, 2005; Bea et al., 2006; (astifieiras et al., 2008; Talavera et al., 2008; Liesa et al., 2011 ) .
The Schistose Domain ( Fig. 1 b) represents a more external section of the continental margin (Martinez Catalan et al., 1999) . This domain occupied an intermediate position between the autochthonous sequences of the Central Iberian Zone and the allochthonous complexes. Also referred to as the Parautochthon, the Schistose Domain is a Variscan imbricate thrust sheet composed of rare voleanic rocks and a siliciclastic sedimentary sequence (Marqufnez Garcia, 1984; Barrera et al., 1989; Ribeiro et al., 1990 ) that shows good stratigraphic correlation with the autochthonous sequences of the Central Iberian Zone (Farias et al., 1987) . Felsic to mafic metavoleanics occur in the Schistose Domain (e.g. Ferragne, 1972; Arenas, 1988; Meireles, 2000) . Even though this magmatism is uncommon, it shows a geochemical evolution from cale-alkaline and high-K (shoshonitic) magmatism to alkaline anorogenic rhyolites, the latter suggesting crustal extension during the Arenig (475 ± 2 Ma; Arenas, 1984; Gallastegui et al., 1987; Ancochea et al., 1988; Valverde-Vaquero et aI., 2(05 ) .
The most external Paleozoic continental margin rests over the autochthonous sequences and the Schistose Domain. It is represented by the basal units of the allochthonous complexes (Rg. 1 b). These units are composed of Late Neoproterozoic and Lower to Middle Cambrian sedimentary rocks. The Neoproterozoic succession was intruded by Lower Cambrian granitoids as well as by anorogenic Ordovician magmatism. The Neoproterozoic succession was deposited during the last pulses of the Cadomian cycle, whereas the overlying Lower-Middle Cambrian succession was not intruded by granitoids, and records, together with the lowermost ophiolitic units of NW Iberia, the development of a back-arc basin at the edge of Gondwana Dlez Fernandez et al., 201 0) . This basin developed during the pulling apart of a continental voleanic arc (Abati et al., 1999; Andonaegui etal., 2002; Fuenlabrada etal., 2010) , which was emplaced on top of the allochthonous pile of NW Iberia (e.g. G6mez and Europe (e.g. Ballevre et al., 2009 ) during the Variscan cycle.
Selected area and geochronological background
Among the sections of the margin described above, the basal units of the allochthonous complexes are particularly suited to the analysis of rift-drift processes and magmatic events developed in the Gondwana periphery. This is because they were widely affected by rift-related magmatism during the Lower Paleozoic, and the building of the continental voleanic arc may have left a fingerprint here as well. In addition, the regional background allows for easy correlation of these events with the record of the inner sections of the continent.
The igneous assemblages of the basal units have been the focus of isotope geochronological work since the 1960s (Floor, 1966; Van Calsteren et aI., 1979; Garcia Garz6n et aI., 1981; Pin et aI., 1992; Santos Zalduegui et al., 1995; Montero et al., 1998; Rodriguez et al., 2007; Montero et al., 2009a; ). The time interval over which the entire period of magmatism affecting this continental section took place (470-500 Ma) has not changed since the earliest studies, although progressive refinement has been achieved. There is a calealkaline association (see Roddguez Aller, 2005 ) ranging in age from about 490 to 500 Ma , and an alkaline association with an age range of 470-485 Ma (Roddguez et al., 2007; Montero et al., 2009a ) . However, it is still not clear whether or not there is a direct link between age and geochemical affinity. Indeed, the calealkaline association may span the entire 470-500 Ma time interval. Arps (1970 ), Floor (1966 ) and Rodriguez Aller (2005 highlighted the existence of several igneous rock types, which were grouped in two associations: a cale-alkaline group including tonalites, granodiorites and alkali-granites (high-K), and an alkaline association with alkaline and peralkaline granites and quartz syenites. The granodiorites show gradual transitions to dioritic and trondhjemitic rocks, and may include igneous enclaves of monzonite, trondhjemite and diorite. The rocks of the cale-alkaline association may have lenses of mafic rocks (alkaline to sub-alkaline basalts and gabbros), whereas the alkaline association may contain syenites and fine-grained mafic enclaves (Pin et al., 1992; Roddguez Alter, 2005 ) .
All of the rock types, including the sedimentary and the igneous rocks, are exposed together in the Malpica-Tui Complex, which was selected for field analysis and rock sampling (Fig. 2) .
Relative geochronology
The Variscan overprint is strong but heterogeneous and transformed the pre-Variscan igneous rocks into variably deformed orthogneisses. In this section, we will refer to all of these rocks using the nomenclature of their undeformed protoliths. Field observations provide constrains on the relative chronology of some of the igneous protoliths. The lack of lenses of metabasites within the alkaline and peralkaline granites strongly suggests that these two rock types are the youngest constituents of the Lower Paleozoic igneous assemblage. Such lenses do occur in the rest of the igneous and sedimentary rocks, and chilled margins and local exposures indicate they represent dyke swarms.
No field criteria establishing the mutual relationships between the alkaline and per alkaline granites have been found, but gradual transitions suggest they were mostly coeval. The restoration of the Variscan deformation in the southern section of the Malpica-Tui Complex suggests that the peralkaline granites represent ring dikes (Dlez Fernandez and Martfnez (atalan, 2009) . Furthermore, both the alkaline and peralkaline granites run either along the borders of other igneous massifs, or show strong obliquity relative to them (Fig. 2) , suggesting that their distribution was mainly controlled by faults or other pre-intrusion anisotropy, and that they post-date the calealkaline association.
The alkaline granites include mesocratic (Sample MTG-l0) to melanocratic facies, which are much less abundant. The melanocratic facies (syenites and alkali-feldspar syenites) may occur as xenoliths in the mesocratic granites. Floor (1966 ) identified three facies of peralkaline granites. Two of these are meso-to melanocratic marginal facies (Zorro and Magnetite facies), and show minor chemical differences (Montero et al., 1998 ) and gradual transitions to the most common, leucocratic facies (Galifieiro facies, Sample MTG-6).
The relationships between the tonalites (A Pioza tonalitic orthogneiss), granodiorites (MTG-7) and alkali-granites (MTG-3 and MTG-4) of the cale -alkaline association cannot be clearly established in the field.
Mapping of the alkali-granite massifs reveals the existence of small patches of granodiorites in both the core and close to the rims of the massifs. However, exposures good enough to confirm the xenolithic character of these patches have not been found. Rodrtguez Aller (2005) reported enclaves of tonalite and tonalite-diorite within the granodioritic massifs. These data may be used to asses a preliminary relative chronology in the cale-alkaline association, the tonalites and alkaligranites being the oldest and the youngest constituents, respectively.
U-Pb SHRIMP analysis

Structural framework and rock sample description
The external margin of Gondwana was affected by five main phases of deformation during the Variscan cycle (Dlez Fernandez et al., 201 1). It was subducted beneath an accretionary prism and Laurussia (0 1 ), and subsequently exhumed and emplaced onto the adjacent mainland of Gondwana (0 2 ). The subduction-exhumation process transformed the pre-Variscan record into a layered tectonostratigraphy consisting of foliated metasedimentary rocks and metabasites alternating with large, lens-shaped, massifs of orthogneisses and metaigneous rocks, which are the focus of this study. Five samples from the igneous assemblage of the basal units, namelyMTG-3, 4, 6, 7 and 10, were selected for U-Pb SHRIMP analysis on zircon (see sample locations in Supplementary Tables and KML   file ). All but MTG-1 0 show a gneissic foliation and a mineral lineation formed by an alternation and alignment of quartzo-feldspathic bands and ferromagnesian minerals, depending on the composition. D1 metamorphism reached eclogite facies conditions in the sampling areas, while the subsequent exhumation developed under medium temperature amphibolite facies to low pressure greenschist facies conditions (Diez Femandez et al., 2011 and references therein) .
Sample MTG-7 is a granodiorite orthogneiss consisting of stretched plagioclase pseudomorphs (zoisitejclinozoisite, phengite, jadeite, and granoblastic plagioclase), quartz, biotite, and minor quantities of Kfeldspar, allanite, opaque minerals, white mica, chlorite (low temperature retrogression), zircon, tourmaline, and monazite. Biotite is usually surrounded by D1 coronitic garnet.
Samples MTG-3 and MTG-4 are alkali-granite augen orthogneisses. Their mineralogy comprises augen K-feldspar, quartz, plagioclase and biotite, and minor quantities of green amphibole, epidote, garnet, white mica, titanite, chlorite, rutile, opaque minerals, allanite, zircon, and apatite.
Sample MTG-10 is a weakly deformed alkaline metagranite consisting of albite, quartz, K-feldspar, and variable amounts of green amphibole (hastingsite), biotite, epidote, titanite, garnet, white mica, zircon, apatite, allanite, fluorite, magnetite and opaque minerals. Sample MTG-6 is a peralkaline granite orthogneiss. The quartzofeldspathic fraction is similar to that of the alkaline granites, but the main melanocratic constituents are riebeckite, aegirine, astrophyllite and annitic biotite. Other minor constituents are zircon, titanite, sulphides, fluorite, magnetite, ilmenite and REE-and HFSE-saturated phases (Montero et al., 1998 ) .
Samples MTG-3, 6, and 7 show a flat-lying S2 gneissic banding and D2 stretching and crenulation lineation, whereas the main tectonic fabric in sample MTG-4 is a subverticallow-grade crenulation cleavage (Ss) accompanied by a Ds subhorizontal stretching and crenulation lineation. Petrographic analysis in weakly deformed protoliths and tectonites suggests that these pre-Variscan granitoids had phaneriticholocrystalline texture. The texture was hypidiomorphic inequigranular in the granodiorites, porphyritic inequigranular in the alkaligranites (K-feldspar phenocrysts), and medium to fine-grained inequigranular in the alkaline and peralkaline granites, all of which suggest shallow emplacement levels (Rodriguez Aller, 2005 ).
An additional sample was collected in the A Pioza tonalitic orthogneiss (494±3 Ma, U-Pb in zircon; . The complexity of the results far exceeds the objective of this article and will be treated in more detail separately (Castifieiras et al., in prep.) .
Analytical techniques
Zircon separation was carried out at the Universidad Complutense (Madrid) following standard techniques, including crushing, pulverizing, sieving, Wilfley table, magnetic separator and methylene iodide.
Zircon was hand picked under a binocular microscope at the Stanford-US Geological Survey micro analytical center (SUMAC). In the granodiorite and alkali-granite samples, the stubbier grains were selected to seek inheritance; in the alkaline and peralkaline gneisses the zircon grains selected were the most transparent. Zircon was mounted on glass slides with a double-sided adhesive in 1 x 6 mm parallel rows together with some grains of zircon standard R33 (Black et al., 20(4) and set in epoxy resin. After the resin was cured, the mounts were ground down to expose their central portions by using 1500 grit wet sandpaper and polished with 6 J.Ull and 1 J.Ull diamond abrasive on a lap wheel. Prior to isotopic analysis, the internal structure, inclusions, fractures and physical defects were identified with transmitted and reflected light on a petrographic microscope, and with cathodoluminescence (CL; Fig. 3 ) on ajEOL 5600LV scanning electron microscope. In sample MTG-6, the images were taken in backscattered electrons owing to the absence of luminescence in their zircon grains. Following the analysis, secondary electron images were taken to determine the exact location of the spots.
U-Th-Pb analyses of zircon were conducted on the Bay SHRIMP-RG (Sensitive High Resolution Ion Microprobe-Reverse Geometry) operated by the SUMAC facility (USGS-Stanford University) during several analytical sessions from May through September 2008.
U-Th-Pb analytical procedures for zircon dating follow the methods described in Williams (1997) . Secondary ions were generated from the target spot with an Or primary ion beam varying from 4-6 nA. The primary ion beam produced a spot with a diameter of -25 J.Ull and a depth of 1-2 microns for an analysis time of 12-13 min. Data for each spot were collected utilizing five or four cycle runs through the mass stations, depending on the presumed origin (magmatic or inherited, respectively) of the selected target. In the magmatic zones, the counting time for 206Pb was increased according to the Paleozoic age of the samples to improve counting statistics and precision of the 206PbP 38 U age. The isotopic compositions were calibrated against R33 CZ 06 Pb* p 38 U = 0.06716, equivalent to an age of 419 Ma, Black et al., 2004 ) which was analyzed every fourth analysis.
Data reduction was carried out using Squid software (Ludwig, 2002 ) , which follows the methods described by Williams (1997 ) , and Ireland and WiIIiams (2003 ) , and IsopIot software (l udwig, 2003 ) was used to create the graphs. Ages older than 1000 Ma are reported based on 207Pbpo6Pb ratios, corrected for common Pb using the 204Pb method, whereas younger ages are reported using the 206Pbj238U ratios corrected for common Pb with the 207Pb method. The Pb composition used for initial Pb corrections czo4Pbp 06 Pb = 0.0554, 207Pbpo6Pb=0.864 and 208PbP 06 Pb=2.097) was estimated from Stacey and Kramers (1975) . Analytical results are presented in Supplementary Tables 1-5 (available from journal website) and plotted in Tera-Wasserburg and probability density diagrams.
Zircon description
Zircon in sample MTG-7 (granodiorite orthogneiss) forms small colorless grains with varied habits from simple dipyramidal prisms to multifaceted grains, all with lustrous surfaces. In sample MTG-3 (alkali-feldspar granite orthogneiss), zircon is colorless or faintly colored, with both lustrous and dull surfaces. Most of the grains are elongated prisms with high length-to-width ratios (2-3:1), and are usually broken. Cathodoluminescence images of zircon from samples MTG-7 and 3 display internal areas with an assortment of textures typical of inherited cores surrounded by poorly luminescent rims (Fig. 3) . The xenocrystic cores may be made up of several concentric zones with variable luminescence. Zoning in these areas is usually oscillatory, but homogeneous, sector and soccer ball zoning can also be found. The shape of the cores is mainly rounded, with subordinate irregular or angular shapes. The rims are generally less luminescent than the cores and have oscillatory and homogeneous zoning. The zoning pattern of the rims usually truncates the core zoning, although some grains show a continuous growth between core and rim.
In sample MTG-4 (alkali-feldspar granite orthogneiss), zircon is light brown in colorwith rough surfaces. They fonn dipyramidal prisms with simple habits and length-to-width ratios of2:1. The size of the crystals is usually around 0.1 mm, although a larger population also occurs (-1 mm). CL images from this sample reveal poorly luminescent zircons with faint oscillatory zoning (Fig. 3) . The most striking characteristic of these zircon grains is the absence of obvious xenocrystic cores, even though the stubbier grains were selected to maximize their presence.
The zircon yield in the alkaline and peralkaline gneisses is considerably greater than that of the granodiorite and alkali-granite gneisses. In sample MTG-1O (alkaline gneiss), zircon forms large brownish dipyramidal prisms, usually broken. Under CL, zircon is moderately luminescent and shows well-developed oscillatory zoning, although homogeneous central areas can also be found (Fig. 3) . In sample MTG-6 (peralkaline gneiss), zircon occurs as large reddish broken fragments, in which some pyramids can be distinguished but prisms are lacking or not readily recognizable. Zircons grains are translucent due to the amOlll1t of inclusions and have rough surfaces. CL images reveal that zircon in sample MTG-6 is non-luminescent and backscattered images were taken to reveal the internal structure. Most of the zircon fragments have homogeneous zoning, but osdllatory zoning can be recognized in some grains (Fig. 3) . Backscattered images also exhibit areas full of small inclusions.
U-Pb results
Granodiorite orthogneiss
Fifty-seven analyses were obtained from 48 zircon grains from sample MTG-7 (Supplementary Table 1 ). Eight analyses were rejected due to either high common 206Pb (> 1.5%), cracks or discordance higher than 10%. The remaining 49 analyses are plotted in two density probability diagrams (Fig. 4a and b) . Twenty-eight analyses of xenocryst cores yield ages spanning from 3075 to 512 Ma. Twelve additional analyses fall in class intervals older than -505 Ma, but they were obtained from non-xenocrystic inner zones or even discordant rims. These data are also considered inheritance, even though the zircon zones do not correspond to obvious inherited cores. From the total of 40 inherited ages, the most important populations are 2050 Ma (four analyses), 2010 Ma (four analyses), 580 Ma (five analyses) and 565 Ma (seven analyses). Other old age components are only represented by one to three analyses (Fig. 4a) .
The YOlll1gest set of analyses in this sample clusters around a concordia age of 489±4 Ma (Fig. 4b and c) with a mean square of weighted deviation for concordance (MSWD) equal to 1.15. This result is considered the best estimate for the crystallization age of the granodiorite protolith
Alkali-granite orthogneisses
In sample MTG-3, only 4 analyses were obtained from inherited cores with ages higher than 1000 Ma. Two of them have discordance > 1 0%, whereas the other two yield ages of 1.9 and 2.2 Ga. Thirty analyses yield ages lower than 1000 Ma, nine of them have high common Pb (between 0.8 and 9%, see Supplementary Table 2) and are not considered further. The remaining 21 analyses span the interval 655-460 Ma (Fig. Sa) . In this sample, only the oldest four ages (from 656 to 593 Ma) were obtained from xenocrystic cores. The rest of the analyses are distributed in three major populations (Fig. Sb) at 530 Ma (3 analyses), 505 Ma (five analyses) and 475 Ma (9 analyses) . The best estimate for the crystallization age of the igneous protolith of this sample is a concordia age of474±3 Ma (MSWD=0.15, Fig. Sc) . This age is obtained by considering only the most concordant analyses with the lowest common Pb content «0.3%).
In sample MTG-4, the most luminescent areas were selected for analysis to avoid U-rich, non-luminescent zircon. Seventeen analyses were obtained from 16 zircon grains. Even though we aimed at inner areas of the zircon grains to obtain inheritance data, ages span only from 470 to 505 Ma (Supplementary Table 3 ). The youngest analysis is equivalent to the magmatic age of sample MTG-3 (-475 Ma), whereas four older analyses (-505 Ma) could represent the inherited component found in the same sample. However, most of the analyses pool together to obtain a mean age of 490 ± 3 Ma (MSWD = 1.5, Fig. 6 ), equivalent to the age obtained in sample MTG-7.
Alkaline granite and peralkaline granite orthogneiss
In the alkaline orthogneiss (sample MTG-1O), 17 analyses were obtained from magmatic areas with oscillatory zoning (Supplementary Table 4 ), yielding ages between 478 and 452 Ma, with a mean calculated by Squid of 462 ± 3 Ma (MSWD= 1.9, Fig. 7a ). This mean is consistent with the field relationships observed between the granodiorite and alkali-granite gneisses and the alkaline gneisses (see Section 2.3). However, it would be difficult to explain the three oldest analyses given the absence of obvious xenocrystic cores or inherited grains. For this reason, and taking into account previous geochronological results (-472 Ma, 10-TIMS U-Pb in zircon, Rodriguez et aL. 2007 ), we favor an interpretation in which the most probable age is closest to the maximum age, while the remaining ages are the result of Pb-loss. Accordingly, we have used the oldest most concordant analyses to obtain a concordia age of 468 ± 2 Ma, with a MSWD of 0.37 (Fig. 7b) .
In the peralkaline orthogneiss (sample MTG-6), the amount of inclusions and the metamict character of the zircon make it very difficult to find a suitable place to aim the oxygen beam. Yet, using the high spatial resolution provided by the SHRIMP it was possible to obtain 18 analyses in zircon grains from this sample (Supplementary Table 5 ). The results are spread continuously between 495 and456 Ma, with a mean calculated by Squid of474±4 Ma (MSWD= 13, Fig. 8) .& with the alkaline orthogneiss (sample MTG-l0), obtaining a reliable age from the SHRIMP data is problematic because the data is spread across 40 my, so we must count on additional data. In this case, field relationships between the alkali-granite gneisses and the peralkaline gneisses suggest that the latter is younger than the former, that is, younger than 475 Ma. For this reason, we consider the age of 482 Ma obtained by Montero et aL (2009a ) is too old for this peralkaline magmatic event We prefer the mean calculated for our data (474± 4 Ma) because it is more consistent with the field relationships, even though it is statistically flawed.
5A. Additional data: tonalitic orthogneiss
A preliminary geochronological survey carried out in the A Pioza tonalitic orthogneiss reveals a complex evolution (Castifieiras et aL, in prep.) . There are two main zircon types based on the cathodoluminescence textures, one type shows oscillatory zoning, whereas the other exhibits sector zoning. Both varieties are rimmed by dark homogeneous zones. These rims show diffuse boundaries with the inner zone, suggesting that they were formed by recrystallization. The age record is also complex and not well understood yet. Oscillatory zones yield individual ages ranging from 515 to 487 Ma, with two prominent age 
The age results in the regional framework
The results support the existence of two main magmatic events, confirming the two-step model implied by . However, our work provides new and further refinement. The calealkaline association can be divided in two age groups: Cambrian granodiorites and tonalites (490-500 Ma), and Ordovician alkaligranites (470-480 Ma). The latter are slightly older than the alkaline and peralkaline granites (470-475 Ma), but both could be grouped into a single broad Ordovician suite. The age of the alkaline and peralkaline granites places the age of the alkaline mafic dykes that intruded the alkali-granites at 470-475 Ma. However, the age of some sub-alkaline mafic lenses is 490-500 Ma .
The data obtained from the alkali-granite samples (MTC-3 and MTC-4) can be interpreted in a different way. Assuming that the youngest ages are the result of lead loss, which is difficult to assess in SIMS analyses, the Cambrian ages (around 505 Ma) could be regarded as the actual crystallization age of these plutonic massifs. However, field data and previous work have not considered crustal recycling processes when dealing with Lower Paleozoic magmatism (e.g. Bea et al. , 2007 ) . Therefore the youngest concordant U-Pb zircon population is more suitable for dating their crystallization age. Our data suggest that the Cambrian input was inherited from the granite source and/or assimilated from the host. Both processes may provide statistically older crystallization ages (e.g. . The Cambrian input in samples MTC-3 and MTC-4 cannot be explained by assimilation from the host, since the host sedimentary sequence is Neoproterozoic (ca. 560 Ma; Dlez Femandez et al., 2010 ) , and the samples were collected far from the Cambrian massifs and lack enclaves. According to their age spectra, the alkali-granites can be interpreted as the result of recycling during the Ordovician 
12.4 12.8 13_2 13_6 14.0 input) that had previously been intruded by Cambrian granitoids (490-500 Ma input). The geochemistry of the Ordovician granites would be a legacy from their protoliths (mostly greywackes and granodiorites; e.g. Klimas-August, 1990; Floyd et aI., 2000 ) . 
Maximum age for alkaline and peralkaline magmatism The alkaline association shows a stronger mantle influence than the Ordovician alkali-granites of the cale-alkaline association (Pin et aI., 1992; Rodriguez Aller, 2005; Montero et aI., 2009a) . The time interval and similar paleogeographic position in which both the alkaline and youngest members of the cale-alkaline association occur suggest that the latter are also related to Ordovician continental rifting, as is widely accepted for the alkalinejperalkaline association. Such correlation and both the geochemical and geochronological data suggest that the role of the mantle gained importance through time during the rifting process.
The Cambrian event (490-500 Ma) can be tentatively linked to the building of a continental-arc system at the Gondwana periphery Dlez Fernandez et al., 2010 ) . The activity of this system likely started during the Lower Cambrian (515-525 Ma; Arenas et al., 2009 ) , as also reported by the preliminary results from the tonalitic orthogneisses. The inherited input of the granodiorites (Fig. 4a and b) may reflect assimilation from the sedimentary host, but arc-related recycling cannot be ruled out.
"Cale-alkaline" affinities occur in both the Ordovician rifting and the Cambrian voleanic-arc systems. So the link between geochemical signature and geodynamic setting is not definitive. This point is also a long-standing controversy in the autochthonous pre-Variscan sequences, where intraplate alkaline-caleic to cale-alkaline magmatism spanning the range of 470-490 Ma occurs in the so-called Ollo de Sapo Domain and its correlatives (Fig. 1 b; Valverde-Vaquero and Dunning, 2000; Bea et aI., 2006; Sola et aI., 2008; Montero et aI., 2009b; Diez Montes et al., 2010) . In the absence of significant coeval deformation, the calk-alkaline magmatism occurring there may well be linked to other orogenic processes, and the voleanic-arc option can be discarded in light of its paleogeographical position. Diez Montes et al. (2010) placed such igneous activity in a siliceous province (sensu Bryan et al., 2002 ) , which would have been thermally fed by mafic magmas that underplated the lower crust (Bea et al., 2007 ) . A similar petrogenetic model was suggested to explain the peraluminousjperalkaline duality of the Cambro-Ordovician magmatism in the external sections of the continental margin (Montero et al., 2009b) . Taking this and our data into account, the arrival of mantle-derived material and the heating of the middle and upper crust in the Ordovician affected most of the Gondwana continental margin during a relatively short time period (470) (471) (472) (473) (474) (475) (476) (477) (478) (479) (480) . Such a scenario would involve a large-scale thermal anomaly that extended hundreds of kilometres across the crustmantle boundary and lower crust. This favored crustal melting and thus widespread complex magmatism, likely coupled with extensional activity. High subsidence rates in the continental platform were accompanied by block tilting and erosion ofpre-Ordovician sequences. Both processes shaped the upper crust to host the wide and shallow Armorican marine platform in the Early-Middle Ordovician (e.g. von Raumer et al., 2006) , before igneous activity had ceased (GutierrezAlonso et al., 2007 ) .
A Lower Paleozoic convection system
The major magmatic events affecting the NW Iberian margin of Gondwana during the Lower Paleozoic can be explained by the interaction between a mantle convection system and an Ordovician injection of hot asthenosphere, both of them connected to a single subduction system (Fig. 9) .
The classical model including dehydration reactions in a downgoing oceanic crust and melting of the overriding mantle (e.g. Ulmer, 2001 ) provides an explanation for the Cambrian magmatism in the most external margin of Gondwana, which likely took place in a continental-arc setting (Fig. 9a) . Slab-pull forces in a steep subduction setting likely produced significant back-arc extension until ocean ridge incision (Fig. 9b) the downwelling of cold material into the mantle could have also generated focused, sub-lithospheric, mantle upwellings (Conrad et al., 2010; Faccenna et al., 2010 ) that, coupled with decompression melting, may have fed this off-axis igneous activity (Raddick et al., 2002 ) .
Flat subduction may hydrate laterally extensive regions of continentallithosphere, feeding intraplate magmatism and extension far inboard of the arc-trench (Sommer and Gauert, 201 1) . Stress coupling of the upper plate with a flat slab also causes compression in the back-arc sections (Cross and Pilger, 1982 ) . Such processes weaken the slab-pull forces that might have favored back-arc extension, making it difficult to harmonize a Cambrian flat subduction system beneath Gondwana with the sea-floor spreading and terrane drifting developed in NW Iberia.
Steep subduction of oceanic lithosphere triggers return/corner flow in the mantle (Sleep and Toks6z, 1971; Toks6z and Hsui, 1978 ) . The drifting of continental volcanic-arc systems may be also driven by shear tractions exerted on their base by viscous coupling to convective mantle flow ( Fig. 9 ; Conrad and Lithgow-Bertelloni, 2002 ). The highest rates of extension related to this flow are expected during the transient stage of slab descent into the upper mantle, fading away after the interaction of the slab with the 660 km discontinuity (Faccenna et al., 201 0) . In our case, this period in particular can be placed in the interval 495-525 Ma, from the built-up of the Cambrian peri-Gondwanan arc to the birth of the Rheic Ocean (Fig. 9b) , although the subduction of a mid-ocean ridge (Nance et al., 2002 ) or slab retreat (e.g. the Mediterranean basins; jolivet et al., 2008 ) may have also accelerated the widening of the back-arc, and may have activated extensional dynamics within the arc edifice (e.g. Castifieiras et al., 2010 ) . Largescale convective flow related to subduction implies a regional tensional setting across the continental margin as long as subduction continues. The consumption of Iapetan lithosphere was largely completed by Silurian times (Pollock et al., 2007 ) , but might account for most of the pre-Silurian extensional dynamics in the Gondwana margin. Given that the strength of the convective flow beneath Gondwana would decrease as the arc-trench migrated towards Laurussia, an alternative source of tensional forces is necessary to explain the subsequent Ordovician intracontinental rifting.
The Ordovician magmatism affected most of the external margin of Gondwana, from the sections intruded by intraplate volcanism to the edge of the continent, in a relatively short time period (see Section 6). Geochemical and geochronological data suggest that the Ordovician thermal event was coupled with an increasing role of the mantle in the geochemistry of coeval magmatism. The mantle fingerprint was different across the Gondwana margin. In the sections located towards the mainland, which were likely affected by moderate extension during the Cambrian (Fig. 9b) , the mantle exerted limited geochemical influence (Montero et al., 2009b; Dlez Montes et al., 2010 ) , but associated heat fed a thermal anomaly that caused significant crust melting (intraplate magmatism). On the other hand, the external sections of the margin would have undergone significant Cambrian crustal thinning, being prone to host both heat and mantle-derived fluids at shallow levels (alkaline/peralkaline magmatism) that would have respectively triggered significant crust melting (Ordovician alkali-granites) and produced mantle-crust mixing (peraluminous/peralkaline duality; Montero et al, 2009a ) .
High temperatures in the shallow back-arc mantle are a characteristic feature of steep subduction zones (Currie and Hyndman, 2006) . Both protracted extension and thinning of the lithosphere, and an incursion of heat and/or hotasthenosphere material would explain the increasing mantle influence. There are arguments supporting both processes. Lower Paleozoic subduction beneath Gondwana provided long-lived but weak extension landwards and, at the same time, could have fed a megalith (Ringv..rood and Irifune, 1988 ) floating and straddling the discontinuity at the 660 km boundary (Fig. 9c) . Megaliths grow with time and can feed mantle plumes and/or upwellings (e.g. Yamamoto and Hoang, 2009; Faccenna et al., 2010 ) . Mantle-plume activity has been previously proposed to explain the Cambro-Ordovician magmatism (Pin and Marini, 1993 ) , and is also identified as one of the main mechanism triggering back-arc extension (e.g. the Sea of japan; Nohda et al., 1988; Zhao et al, 2007 ) . However, the paleogeographical distribution of such activity across the margin cannot be explained by vertical plume ascent alone, which would have created a single and fixed hotspot. Progressive dehydration of the stagnant slab could have induced melting across the back-arc asthenosphere, and fed a plume at shallower levels. Significant water release may also occur several hundred kilometres inboard of the trench (van der Lee et al, 2008; 50mmer and Gauert, 2011 ). This process not only provides an additional source of intraplate magmas, but can also supercharge a pre-existing plume and accelerate its ascent (Fig. 9d) . A coeval subduction-related convecting system could transform their initial vertical flow into an oceanward current beneath the subcontinentallithosphere. The wedge morphology of the rifted continental crust would have favored such a current as well. The thermal component of this current would have affected the rheology of the overlying crust, favoring further extension and the Ordovician intracontinental rifting ( Fig. ge and f; e.g. the Sea of japan; Tatsumi et al., 1990; Zhao et al., 2007 ) . Mantle upwelling would have been accompanied by inland topographic uplift (e.g. Rohrman et al., 2002 ) , while the erosion of local exposures of the previous sedimentary sequences would produce an Ordovician unconformity (Fig. 9f) .
The injection of asthenospheric material would have also affected the subcontinental lithosphere composition. Sm/Nd data from Ordovidan mafic rocks suggest they were extracted from a heterogeneous subcontinental lithosphere, including a mantle that was enriched at about 0.9-1.1 Ga (Murphy et al., 2008 ) . This might be a hint on the incursion of previously subducted older material, since the long-lived Avalonian/Cadomian subduction system may have fed an asthenospheric reservoir with Early Neoproterozoic and Mesoproterozoic rocks (e.g. Murphy et al., 2009) . The traces of these rocks still represent a major enigma in the Variscan belt because they are hidden (covered?), were eroded, and/or consumed in former subduction systems. Yet there is some evidence left (5anchez Martlnez et al., 2011 ) , and some sedimentary sequences in NW Iberia contain ancient exposures (Gutierrez-Alonso et al., 2005) . In addition, relicts of Early Neoproterozoic arc-related rod{s can be found along the Pan-African Hoggar megasuture (Atx:lelsalam et Cordani et al., 2003; Bea et al., 2009) , and in the sedimentary cover of northern Gondwana, both in its eastern (Avigad et al., 2003; Avigad et al., 2007; Morag et al., 2011 ) and central sections (Avigad et al., in press ). These domains broaden the paleoposition recently given to NW Iberia during the Late Neoproteozoic (Oiez Fernandez et al., 2010) and Lower Paleozoic (Bea et al., 201 0; Dlez Femandez et a.l., 201 0). Thus we speculate that the evidence of a former Mesoproterozoic geological history in northern Gondwana could have been pumped from deep-seated mantle reservoirs in a Cambro-Ordovician convection system, and coevally dismantled and spread over its basement during the transition from active to passive margin conditions.
Conclusions
U-Pb zircon dating of the main suites of igneous rocks that intruded the most external margin of Gondwana during the Lower Paleozoic reveals the existence of two magmatic pulses in NW Iberia, dated at 489±4 Ma (granodiorites) and 474 ± 3 Ma (alkali-granites), and a younger alkaline pulse, dated at ca. 470-475 Ma (alkaline and peralkaline granites). The timing of the magmatism, combined with the analysis of its paleogeographical distribution, can be explained by major lithosphere-scale processes related to the interplay between protracted subduction, mantle rheology and asthenosphere dynamics.
The Cambrian magmatism developed in a continental-arc setting, while coeval intraplate igneous activity affected more internal sections of the continent. Back-arc extension, sea-floor broadening and terrane drifting gave birth to the Rheic Ocean. These processes were mostly controlled by slab-pull forces related to steep subduction. Coeval mantle upwelling and shear traction exerted on the subcontinental lithosphere by viscous coupling to subduction-related convective mantle flow may have also contributed. However, its role, particularly that of the convective flow, likely gained importance during the widening of the back-arc, compared to slab-pull. The stagnation and progressive dehydration of the previously subducted lithosphere along the 660 km discontinuity fed an asthenospheric mantle plume, whose incursion occurred in Ordovician times. The interaction of this plume with the subduction-related convection cell created an oceanward hot subcontinental current that triggered intracontinental rifting, crustal recycling and extensive magmatism that affected the external margin of Gondwana.
